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Abstract. in .sifu measurmnents of NZC) and 03 aboard the olxwrva.tions fro]n the

hfliddlc Stratosphere (Oh4S) l)alloo]) payload ill tlIe tropics arc ])rcsc])tcd. III November

1997 at 7°S very distinct laminated slructLIrcs in tlIe N20 ])rofi]c war ohserwc] in

contrast to earlier studies based solely on 03 profiles. ‘J’he laminac probably arc an

observat,ioll of }lossby wave-breaking cvel)ts that lead to t,raIlsport of mid-latitude air

into the tropics. (Jsing a photochcmical model of the ozone response withi]] (hose air

parcels, their residence time in the tropics is estimated to Ix) 4 to 6 weeks. 11) l~cbruary

1997 at 7“S a similar vertical profile of N20 revca]cd no ]nid-latitude laminac. WC

prcsmt dynamicd arguments to sLIpport the Cxistcncx? of sLIch ]alllina(’ ill Novcmlmr,

l)Llt not in l’cbruary.



1. Introduction

lsentropic tra]lsport of stratospheric air frolll micl-latitudes into tllc tropics has

l~cml a sul~jcct, of col~si(lcral~le illtcrcstr ccclltl]~. ‘J’llis cxcl]aIlgcl~loccss is important for

tllc ullderstal)diug of the clistribuiiol] of trace gases al]d OZOIIC, and for tlIc predictio]l of

the exhaust dispersion of a proposed fleet of hig]l spud civil trans]mrt aircraft (11 S(’3’),

wl~ic}l woulcl opera.tc in the ~5 to 20 km altitude ranfy. A st,ratospllcric transport, barrier

at about + 15“ latitude (the latitude is variab]c) is indicated l)y a steep gradicnlt ill the

distribution of long- ]ivcd tracers [c. g., 7iLck ci al., 1997], by aerosol disl)crsioll dynamics

from tropical volcanic cruptiolls [e. g., Trqtr and llifd/7na71, 1992], and by a cllangc of

slope for the 03:NOV corrclatiol] [c. g., AIIIrplty c:f al., 1993]. ]Iowcvcr, LIICSC features

arc difficult to rcprcscntj il~ 21) models. lsolatioll of tropical from extra-tropics] air is

related to the rapicl clecrcasc with clccrcasing latitude of strol Ig isclltrol)ic nlixillg 1~~

breaking liossby waves in the mid-latitudes of the wint,cr hcmisphcrc. A model rcccmtly

proposed by l)luntb [1 996], refcrmcl to as the “tropical pipe mode]”, dcscribcs the

implications of a Lropic.a] transport barrier for observed stratospheric tracer corrclatiol~s.

Rnndcl cf al. [1993] rq~ortcxl plauctary-sca]c tongues of air at altitudes of 28 to 42 km

moving from the tropics into mid-latitudes ancl rclatjcd mid-latitude tollgucs Cxtcndillg

into the equatorial region. l’atcllcs of the tropical air tongues \vill further stretch and

eventually break ofr and can then irreversibly mix with mid-latitude air. ‘J’llcm large

scale intrusions of tropical air into t,llc mid-] atitudcs IIavc l)CCII III OCICICCIpreviously

[c. g., Wa,(ghj 1993]. Randd ei al. nokxl that tl,is kind of transport, is “... mostly

unidircctiona] - that is, nlatfcrial moves from the tropics to lnid-latitudes but not, vice

versa”. Nevcrthc]css, estimates of transport rates of stratospheric air from mi(l-latit, udcs

into the tropics have bcwn made from corrc]at iol IS of long-lived tracers Incasurml 011 t hc

1’11/-2 aircraft, [ Vo/k cf al., 1996] and from vertical profi]cs of tracms lncasurcd from

balloons, aircraft, and satellites [Ilcrman cf al., 1998; Minscltwanc I (f al., 1996].

‘l’he OhJS balloon program has acquired ncw data on tracer profiles botl) inside the
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tropical upwelling region al~c{ at mid-latitudes. \Vc prcwuIt NzO and 03 observatiol)s

from the 0h4S balloon go~ldola showjllg what appear to lJC mid-latitude ]aminac

entrained into the tropics. ‘1’l]is istlle first local ol)scrvation of lalninacin tl]emidcllc

stratosphere at tropical latitudes that arc suggestive ofprocxssm responsible’ for glol)al

entrainment of mid-latituck air into tllc tropics. ‘J’lic timch istory ofthcw laminae

observed in the tropics is the sul)jcd of this paper.

2. Experimental

‘~’he concentrations of nitrous cjxicle (NZO) ant] methallc (C114) arc measured

by Argus, a secol)cl-l~zillllollic, illfrarcxl absorption spcctrometm using wavelmgth

modulation of a tunable cliode laser. Absorption occur in a 26 Cm l>asc-path llerriott

ccl] operating in a 72 pass mode. A beam splitter, scaled rcfcrcnce ccl], and detector

proviclc a separate spcc.trum of narrow N20, C114, and C(3 lines for accurate frequency

cali brat ion. The Argus enclosure is temperature controllml at 30 + 7“C to minimize

drifts and temperature comxtions to the data. l)ata arc acquired at a rate of one

complctje atlnospheric measurement pm 16 scconcls, resulting in a spatial resolution

of about 40 m in balloon descel]t. ‘J’he instrument is calibrated ill tlhc laboratory

using accuratc]y calibrated who]c air stand arcls. 0]1 the flight of 11 Novcmlm11W7 a

calibration stanckd was injectlcd into the IIcrriotjt cell replacing the alnbicmt air several

times during the ballool] dcscmlt. A h4al(]~~al(lt-l,evelll~erg, non-linear least squares

fitting scheme is used to ol>tain the mctllane and nitrous oxide nulnlmr densities froln

the second harmonic spectra. Mixing ratios are dcduccd using the measurccl air density.

A detailed error analysis indicates overall accuracy of 7% at 70 mbar, 8% at .50 mhar,

and 10% at 20 mbar. ‘J’l]c flight, calibrations on 11 Novcmbm 1997 and tllc comparison

with 111{-2 observations during a co-located flight, o]] 30 Ju]le 1997 co]lfirm tl)is level of

uncertainty in the data.

Figure 1 shows profiles of NZO from l.)al]oon ]aunchcs on 14 l“chruary 1997 at 7°S
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at 7°S in l)razil (971 111 ). ‘J’hc clata gcnera,lly cover
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(970630), and 11 November 1997

an altitude range froln the u})pcr

troposphere to about !3 mba.r (31 k]]]). ‘1’wo of the profi]cs S11OWlaminar structures that

are certainly intrusions of air of diflcrml, composition froln that expected at the latitllde

of the measurement. Very low values of N20, close to 50 IJI)lJ, obsmvcd at 520 and

650 K potential temperature (55 and 32 mbar) OH !970630, are attributed to remnants

of the polar vortex from the previous winter. ‘1’llis illtcl}~rctatioll is consistent, with an

identification of these air masses based 01) correlations of silnulilallcous lncasurcmm~ts

of C114 and N20 from the OMS payload [Ilcrman c1 al,, 1998]. ]Jamillac of simila]

character, though at highm altitudes ancl with sma]lcr N20 pmturl)ationsj wcm observed

at 850, 775, and 700 K on the tropical flight of 971111 and am intcrprcied as intrusions

of mid-latitude air into the tropics.

3. Discussion

Figure 2 shows the scatter plot of 03 [fllargiian, 1998] vcxsus N20 for cacll

flight shown in Figure 1. Also shown arc tile average corrclatiol~ of 03 [}’7,0fliff

fllld Mclmllghlill , ] 983] VCI’SLIS N20 [hddd”f and ],oc?m?ldci??, ] 993] from };1{-2

flights carried out at mid-latitucles ancl within tile tropical ul)wcl]ing region during

the Stratospheric ‘l’racers of Atmospheric ‘1’ransport (Sri’llArJ’) cal~lpaigll. ‘J’IIcI 1;1{-2

correlations, which extend only to R 50 mbar (20 k]n), agree well with the OMS

correlations.

To estimate how long tile air masses in the lalninae of 971111 have been ill the’

tropics, wc assu]nc the air parcc]s moved iscntropical]y fronl soutlle,rn lnid-la.tit,udcs,

as typical heating rates of 0.6 I</clay increase the IJotcntial temperature by lms

than 20 K/month. ]n response to mhancmd lJV radiation in the tropics compared

to mid-latitudcsj the OZO]]C concentration is mpcctcd to

photochcmical lifetilne of N20 is about a year at 30 kln
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we can ncglecl c.hangcs in tile nitrous oxide concentration ill this analysis. NTcglcctillg

transport and mixing of lamina air with neighboring air, the OZOIIC conccntratioli [03]

will change according to

d [03]

— = P – 1, [0,]

– (11-
(1)

‘-3s–1 , 1, the ozoIle loss rate ill swhere 1) is Lhc OZOIIC ])rocluctio]) in cln “. ‘J’his cquatjioll

can bc so]vcd for the time tllc air parcel has rmidcd iu the tropics;

i – tfJ == –;-(ln([03(f)] -- 1’/1,) – hl([o~(i”)] – l’/L))
J

(2)

where [03(t~)] is the ozone conccntratiou before cmticril]g the tropics. 1) and 1, arc

kept constant, over tin]c aud arc calculate] for 7“S using a l)l]otocllc’lllical model [ Volk

ct al., 1996] constrained by OMS mcasurcmcnts. ‘1’he model ozo]ie, mctllanc, ancl

temperature arc initialimcl by tl~e measured quaulitim, and Nov is infcrrcc] from the

Atmospheric ‘1’race MOICCUIC Spectroscopy instrumcmt (A’1’h!lOS) southmm mid-latitude

NOY:N20 corrc]ation using Argus N20. ‘J’hc Oh!S 1120 mcasurcmcllts cxtelld to %

25 km. Wc calculate 1120 at higllcr altitudes assuming 2 XC114+1120 is coustani at

its 25 km value. Va]ucs for Cly and IIrv arc estimated frol~) l,iglltwcigllt Airborne

Cllromatograph l;xpmimcut, (l, ACl~) F- 11 measurmmts aboard 0h4S using correlations

basecl on ltl{-2 mcasummcwts [ 14~flTnslcy c{ d., 1998 al)d rcferellccs tllcrcin]. l)hotolysis

rates arc calculated for 7°S using mcasurecl 03 ul~ to tllc maximum altitude of 31 kln

and climatology al>cwc, and measured lmmpcraturc.

We have characterized each of the laminae obscrvccl on 971111 by scvcra] properties:

altitude, thickness or vertical climcxlsion, allcl minimum N20 value (rl’able 1 ). Wit,ll the

N20 values mcasumd in the lamina, we estimate the corresponding lnid’latitude OZOIIC

concentration - hence [03(tO)] - froln tllc A’J’MO,S mid-latitude 03: NT20 c.orrclation

observed during the A’J’I,AS-3 mission in Nove]]]hcr 1994. A fit to tllc A1’h40S

lnid-latituclc observations is S11OWI] ill F’igurc 2 and is usccl to calculate age “A” (’1’able

I). lJIIcler tllcsc assumptions the 03:N20 correlation in the lamina cllangcs wit]] time,
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as jndica,tcd by the arrow in ]Jigurc 2, aft,cr t,lIc ail cl]t,crcd the tropics. Age “]]” is

calculated from [03(10)] determined by tlhc lower edge of tll)c spal] of t,l~e individual

A’1’h40S 03:N20 data points (1’igum 2). If instead wccstin)atlc [O:j(to)] using the

mean Arl’h40S mi(l-latitude 03 profi]c at the same potential tcm])crature surface (not,

shown), we find slightly shorter timcsca]cs. Age “A” rcprcscnts t,hc most likc]y starting

condition for 03, ancl agc “1]” mprescnts the ]owcst possible starting condition for 03,

and conscqucnt]y al] uppcI limit for age. Since the obsmved correlation lies w’itliil) the

range of mid-latitude A’J’hl OS correlations the lamina air could have cmtcrcd the tropics

very rcccnt]y (i. c. age = O days). A comparison of the measured alnount, of IN20 ill

each lamil]a and the mca.n N20 profile observed at mid-latitudes is used as a qualitative

guide to the c]cgree of mixing of lamina air wit]] surrounding air masses.

l,amina 1 at % 700 K has a very clear NZO signature, whcrca.s the 03 signature

is less obvious due to the stcq) increase in the ozone VOIUIIIC mixing ratio (Vh41{)

with altitude. ‘J’he ~~l~otoc.l~cll~ic.al age of this lamina for the two dif~crcnt initial OZOIIC

concentrations arc 30 or 46 days, mspcctivcly. Nok that this lami]]a could be olclcr than

this uppx limit, if the ozone had already rcachcd equilibrium, though wc hclicvc them is

still some signat)urc in tllc ozone profi]c. The measured N20 in the lanlina is similar to

the mid-] atituclc A’I’MOS N20 Vh4R at the same potmtial ticllll)c:lat~~lc and support,s

the assumption of little mixing sillc.e this mid-latitude air parcel cntcmd the tropics.

l,amina 2 is a small, though clearly l)rcsc~lt lmturbatiml to the ozone allcl NZO

profiles at 775 K. Comparil]g the N20 ill the lamilla with the mean lnid-latituclc ATL4’OS

value at 800 K suggests a mixture of about 2/3 tropical air and 1/3 lnid-latitude. Since

wc have no way to estimate when the mixing happened, the 40 days photochcmical

lifetime for this lamina is an upper limit and is most, likely too long.

],amina 3 at 850 K l)as a distinct sigma{urc in both N20 and 03. ‘1’hc photochcmical

age is 28 and 36 clays, respectively. ])cpcnding 011 the strength of large sc.alc shearing

motions this lamina might still show a clear sigmaturc in N20 in a fcw weeks, whereas
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the ozone will nave rccoverccl to ccluilihriuln. Comparison of tllc NZO with the Arl’hflOS

profile suggests there has bccm substantial mixiug of tropical air into tl]is lamina (about,

1/3). ‘1’his obscn’atiol] coulcl be attril)utml to a vertical mixing event, caused by a

passage through a region of breaking tol]c)glal}llicall~~ or collvectivcly generated gravity

waves. An alternative cxplauat,ion for the tracer characteristics of la,mil]a 3 entails

mixiug of tropical air with extra-tropical air at higher latitudes prior to cmtrainmentl or

re-entrainment into the tropics.

Sensitivity studies show that the calculated ages depend on NOU, 03, and

temperature, but ouly slightly ou 11~0, Clv, IJry, aud J-vaJucs. ‘1’l)e uncertaint)ics in

the estimated age are considcrab]c when the equilibrium 03 = 1)/1, approaches the

mca.surccl 03 in the laminac. h’or lamina 3 wc fine] changing the NOV by + – 2 ppb

(estimated uncertainty in NOV bascc] ol~ variaucc of A’J’h40S data) changccl the age “A”

by –7 and +21 days. l“or tllc other laminac the variation is ICSS than 5 days for the

same chaugc in NOV.

The laminac prcsmtccl here are probably the rcsultj of l{ossby wave breaking cvcults.

IIuring NovemLcr 1997 in the southern llemisphmc, winds at lniddle and high latitudes

arc still wcsterlj~. l’ins] vortex l>rcakup ocxurrcd around Novc]nlJcr 15-20 ill 1997. ‘1’bus,

planetary waves propagate to this altitude and break as tlhcy approach tllc low ]atitudc

critical lillc [Andrms ci al., 1987]. in l“cbruary 1997, l)owcvcr, summer easterlies

prevail in the southcm hemisphere, blocking the propagation of planetary waves fro] n

the tloposphcrc [cog., l’l~aughj 1996]. ‘J’llus very little lamination is cxl)cctecl and none

was obscrvecl on 970214. Also, 7(’S is much closer to the “edge” of tile trol)ica] reservoir

of N20 in November tllall l~ebruary [e. g., lian(lcl ri al., 1994]. l,alninac arc ]nucll lllore

likely near regions of strong horizontal graclicnts.

l’rom this onc flight it is IIot IJossiblc to estimate the global entrainment of

mid-latitude air into the tropics. hflorc ]l~cas~lle~llc]lts in the tropics arc nccdcd to

provide adequate statistics for a global csiimatc. l)otcntia]ly, more flights with a full
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tracer pachgy coulcl allow us to invcstigdtc lamil)ated structures found ill t,hc ozone

profile. I/(:id and Vaughn [1 991] and mom recell{lly, Gm nf ci al. [1 998) rcportcxl st,atist,ics

of tropical ozone soundings. II) contrast to this work, Grani d ul. found ]aminac to be

constrained to below 21 km and “no statistically significant l{ossby wave activity”.
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Figure 1. l’refilm of Argus NZO: 970214 at 7°S (gray x), 970630 at 65(’N (Iightg ray)

and 97111 I at 7°S (black), IIlcan Arl’MOS/Arl’l,AS-3 mi&lat,itude profile (solid line) and

03 on 971111 (USC upper x-axis). llrrm bars on tl]e A’1’h!loS data rcprcsmt onc stallda.rd

deviation. ‘1’hc lalmls corrcspo]lcl to tllc laminae numlmring in ‘1’able 1. ‘1’hc l)rmsure

axis on the rigl]t hand is for the tropical flight.

Figure 2. Correlation of 03:NZ() for 970214 at 7°S (gray x), 970630 at 65C’N (light

gray) allcl ‘]711 ] 1 at’ 7“s (l]lack). ‘~call I(;ll-~ ~ro]~ical 03:N20 ~o]’datioll (ddtd) a.lld

mid-latitude 03:N20 correlation (dashed). ‘1’lle heavy solid l)art of tlhc lillcs indicates

the actual mea.sumncut, range of t,hc llIt.-2. l’it to A!I’M OS lllid-latitude 03:iN20 c,orrc-

la.tion (solicl). ‘1’hc sl]adccl arm reprcsmts the spread of the individual 03:NZ0 A’1’MOS

observations (5” - 50”). ‘1’hc numbered arrows idcmtify the ]aminac listed in ‘1’ab]e 1.
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Table 1. Cllaractmistics. of laminac OIMCHWX1at 7’]S on 971111: approximate altitude,

approximate potmtial temperatllre f?, pressure, minimum N20 volume lnixi]lg ra~,iol t,llickncss

and rcsiclencc tilnc calculated using ltquation (2). l~or the age “A” calculations ArJ’hJOS

micl-latituclc 03:NL0 corrclatio]ls and for “11” tl]c lower edge of the slladcd area in h’igure 2

were used, rcspcd ivel y.
——

approximate

altitude 0 prcssul’e N20 thickness age A age 13

km K nlbar ppl) 1;1)1 days days

1 27 700 18 138 0.5 30 46

2 29 775 13.5 153 0.2 36 41

3 30.5 850 11 108 1.0 28 36
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